The present study is the first report on the functional activity of a parapoxvirus-encoded dUTPase. The dUTPase gene of the attenuated orf virus (ORFV), strain D1701, was expressed as a bacterial thioredoxin fusion protein. In vitro assays showed that ORFV dUTPase was highly specific for dUTP as substrate. The enzyme was active over a broad pH range (pH 6n0-9n0), with maximal enzymatic activity at pH 7n0 in the presence of Mg 2M cations. Kinetic studies of the recombinant ORFV dUTPase revealed an apparent K m of 4n0 µM, which is more similar to that of the mammalian or African swine fever virus enzyme than to the K m of vaccinia virus dUTPase. Enzyme activity was also found with purified ORFV particles, indicating its virion association.
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Orf virus (ORFV), the prototypic member of the parapoxviruses (PPV), is the causative agent of contagious ecthyma (orf) in sheep and goats (Robinson & Balassu, 1981) and can also infect humans (Haig & Mercer, 1998 ; Hunskaar, 1986) . It exhibits gene homologies with other poxviruses, such as vaccinia virus (VACV) (Fleming et al., 1993 ; Rziha et al., 1999) but, unlike other poxvirus infections, which can be systemic, ORFV infection is locally restricted to the skin. ORFV strain D1701 was originally isolated from sheep and adapted to growth in cell culture. The resulting highly attenuated virus strain is used as a live vaccine against orf in sheep (Mayr et al., 1981) . PPV, and in particular ORFV, are promising candidates for viral gene vectors (Robinson & Lyttle, 1992) and the nonpathogenic strain D1701 appears to be ideal for the construction of an ORFV recombinant vector (Rziha et al., 1999 (Rziha et al., , 2000 .
Little is known about the factors and mechanisms involved in ORFV virulence. Several putative virulence genes have been identified, such as the vascular endothelial growth factor homologue (Lyttle et al., 1994 ; Savory et al., 2000) , an interleukin (IL)-10 homologue (Fleming et al., 1997) , a doubleAuthor for correspondence : Hanns-Joachim Rziha.
Fax j49 7071 967 303. e-mail achim.rziha!tue.bfav.de stranded RNA-binding protein (McInnes et al., 1998) and a factor inhibiting the cytokines granulocyte-macrophage colony-stimulating factor and IL-2 (Deane et al., 2000) . Sequence homology has indicated the presence of a dUTPase gene in both the virulent ORFV strain NZ2 (Fleming et al., 1995 ; Mercer et al., 1989) and the attenuated ORFV strain D1701 (Cottone et al., 1998) , although in the latter strain, the transcription stop motif of the dUTPase gene is missing due to a genomic rearrangement that also resulted in the loss of a gene, termed E2L (Cottone et al., 1998) , of unknown function.
The ubiquitous enzyme dUTPase catalyses the hydrolysis of dUTP to dUMP and pyrophosphate, thereby preventing incorporation of uracil into DNA (Kornberg & Baker, 1991 ; Tye et al., 1977) . In some organisms, dUMP is essential for the de novo synthesis of dTTP (Bertani et al., 1963) . Many viruses are known to encode a dUTPase, including several lentiviruses (Elder et al., 1992 ; Lichtenstein et al., 1995 ; Nord et al., 1997 ; Petursson et al., 1998 ; Threadgill et al., 1993 ; Turelli et al., 1997 ; Wagaman et al., 1993) , herpesviruses (Fisher & Preston, 1986 ; Jo$ ns et al., 1996 ; Liang et al., 1993 ; Ross et al., 1997 ; Sommer et al., 1996 ; Williams, 1984) and African swine fever virus (ASFV) (Dixon et al., 1994) . Poxvirus dUTPase homologues have been described for VACV (Slabaugh & Roseman, 1989) and swinepox virus (SWPV) (Massung et al., 1993) . Although the dUTPases share both sequence and some functional homology, species-specific enzymatic properties and structural differences can be identified (McGeoch, 1990 ; Cedergren-Zeppezauer et al., 1992 ; Hokari & Sakagishi, 1987) .
Mutants of alphaherpesviruses negative for dUTPase were found to be attenuated in vivo, suggesting a role for this enzyme in virulence (Jo$ ns et al., 1997 ; Liang et al., 1997 ; Pyles et al., 1992) . The occurrence of cell culture-derived, attenuated ORFV variants with spontaneous deletions of the dUTPase and at least two adjacent genes indicated that the dUTPase is not essential for ORFV growth in vitro (Fleming et al., 1995 ; McInnes et al., 2001 ) and could represent a virulence gene in ORFV. The predicted amino acid sequence of the D1701 ORFV protein revealed the presence of the five major conserved motifs, which are characteristic for most of the known dUTPases and suggested to be important for enzyme activity (data not shown). Protein sequence identity to other 0001-8142 # 2002 SGM BAED R. Cottone and others R. Cottone and others dUTPases ranges between 94 % for ORFV NZ2, 60 % for adenovirus, 56 % for VACV (strain Copenhagen), 56 % for cowpox virus, 52 % for SWPV dUTPase and 71n5 % for human cell dUTPase.
This study addressed the question of whether or not ORFV strain D1701 encodes a functional dUTPase. The ORFV dUTPase was expressed as a prokaryotic fusion protein and used for functional assays in vitro. To this end, the 474 bp coding region of the dUTPase gene of ORFV strain D1701 was amplified by PCR using the primers 5h CTCGCCA-CGGTACCCATGGAGTTCTG 3h, which contains the start codon and the N-terminal sequence of the dUTPase gene together with a KpnI site (underlined), and 5h GGGACT-CCTGCAGTTTGATTAGCTGA 3h, which covers the Cterminal coding region with the translation stop codon and a PstI site (underlined). The PCR fragment was purified (QIAEX ; Qiagen), digested with the restriction enzymes KpnI and PstI (New England Biolabs) and cloned into the pTrxFus vector plasmid (Invitrogen). Sequencing confirmed the in-frame fusion with thioredoxin (Trx) as the 14 kDa N-terminal fusion partner. The soluble Trx-dUTPase protein (31 kDa) was purified from bacteria by affinity chromatography on a phenylarsine oxidecontaining resin column, as recommended by the manufacturer (ThioBond Resin ; Invitrogen). The resin-bound fusion protein could be eluted with 50-500 mM β-mercaptoethanol, as shown by SDS-PAGE and immunoblotting of the elutes using a Trxspecific monoclonal antibody (mAb) (data not shown). The elutes containing fusion protein were dialysed, concentrated using a Centripep-30 mini-concentrator (Millipore) and, after determination of the protein concentration (Bio-Rad), stored in 50 % glycerol at k20 mC.
Quantification of the [5-$H]dUTP hydrolysis to [5-$H]dUMP was determined by filter-binding assays, as described (Williams & Cheng, 1979) . Using deoxy[5-$H]uridine 5h triphosphate as substrate, standard assays (reaction volume 25 µl) containing 1n2 pmol fusion protein, 0n1 nmol [5-$H]dUTP and 20 mM MgCl # were performed in 50 mM Tris (pH 7n0) at 37 mC for 30 min. All filter-binding assays were performed in triplicate and the hydrolysis of [5-$H]dUTP was quantified by scintillation counting of a 5 µl aliquot of each reaction, spotted onto filter discs (NA45 ; Schleicher & Schu$ ll) after a reaction time of 0 and 30 min. The products from the dUTPase reaction were identified by thin-layer chromatography (TLC) on polyethylenimine-cellulose plates (Merck), which were treated with En$Hance (NEN Life Science) and exposed to X-ray films. The comparison of the chromatographic spots with those of individual, pure authentic compounds allowed the identification of the substances (Beardsley & Abelson, 1980) . As negative controls, a Trx-E2L fusion protein and Trx protein were expressed and purified identically to the Trx-dUTPase ; no dUTP hydrolysis was observed (data not shown). The Trx part of the fusion protein could be removed by enterokinase digestion from the resin-bound fusion protein and subsequent treatment with a soybean trypsin inhibitor resin (EKMax ; Invitrogen). Comparative experiments demonstrated the same enzymatic activity of the complete fusion protein but substantial losses of the enzyme after removal of the Trx fusion partner (data not shown). Therefore, most of the functional assays were performed with the Trx-dUTPase fusion protein.
Purified ORFV dUTPase showed activity over a pH range from 6n0 to 9n0. At pH 9n0, dUTP hydrolysis still accounted for 50 % of the maximum value measured at neutral conditions, demonstrating the stability of the enzyme at alkaline pH. Optimal activity was observed in 50 mM Tris (pH 7n0), decreasing rapidly under acidic conditions. No activity at all was found at pH 5n0 (data not shown). Raising the reaction temperature from 25 to 37 mC increased the hydrolysis rate of dUTP. dUMP production was maximal at 37 mC and decreased with increasing temperatures of incubation. At 41 mC, dUTPase activity was significantly reduced, probably due to the heat denaturation of the protein (data not shown).
The biological activity of the ORFV dUTPase required the presence of certain divalent cations. Highest dUTPase enzymatic activity was found at 20 mM MgCl # (92 % activity) or at 5 mM MnCl # (90 % activity) (Fig. 1) . The dUTPase reaction could also be stimulated by the addition of 30 mM ZnCl # , although to a clearly lesser degree (56 % activity). All other divalent cations tested (Cu# + , Ca# + and Ni# + ) had little or no effect on enzymatic activity (data not shown). Increasing the concentration of EDTA inhibited dUTP hydrolysis. Using standard assay conditions (20 mM MgCl # ), the addition of 50 mM EDTA reduced hydrolysis by 50 % and 100 mM EDTA completely inhibited enzyme activity (data not shown). Hydrolysis of dTTP, dGTP, dATP, dCTP and UTP as substrates was not detectable by TLC (data not shown), indicating a high specificity for dUTP as substrate. Kinetic studies of the reaction catalysed by ORFV dUTPase were performed under standard assay conditions with various substrate concentrations, ranging from 0n5 to 10 µM dUTP, in the presence of 20 mM MgCl # (Fig. 2) . Lineweaver-Burk analysis of these results revealed a K m for the enzyme of approximately 4n0 µM (Fig. 2b) .
Collectively, the results demonstrate that the ORFV dUTPase has a high specificity for dUTP as substrate, functioning over a broad pH range (pH 6n0-9n0), with an optimum at pH 7n0, similar to that of VACV dUTPase and human dUTPase (Broyles, 1993 ; Williams & Cheng, 1979) . The activity of the ORFV enzyme was dependent on the presence of divalent cations, with an optimum at 20 mM MgCl # or 5 mM MnCl # , with ZnCl # (optimum 30 mM) being less effective as a co-factor, in contrast to the VACV enzyme, which was stimulated most by the addition of Zn# + ions (Broyles, 1993) . In addition, the calculated K m of the recombinant ORFV dUTPase was low (4n0 µM) compared to that reported for VACV dUTPase (100 µM ; Broyles, 1993) or for mouse mammary tumour virus (28 µM ; Ko$ ppe et al., 1994) but resembled those reported for human dUTPase (2n6 µM ; Climie et al., 1994) , ASFV dUTPase (1n0 µM ; Oliveros et al., 1999) , equine infectious anaemia virus dUTPase (1n1 µM ; Nord et al., 1997) , Escherichia coli dUTPase (1n0 µM ; Larsson et al., 1996) and herpes simplex virus type 1 dUTPase (0n3 µM ; Bergman et al., 1998) , although a variety of different expression systems were used in each of these studies.
Recently, ORFV dUTPase was reported to be more similar to mammalian dUTPases and was separated from other known poxvirus counterparts (Baldo & McClure, 1999) . The author suggested that ORFV has probably acquired the corresponding gene independently from other poxviruses via horizontal gene transfer from the host cell genome. This is supported by data on sequence homology and the biochemical properties of the ORFV dUTPase presented here. Although mammalian and viral dUTPases share some enzymatic properties that reflect their close phylogenetic linkage, minor variations might have developed due to the adaptation to their specific microenvironments.
Functionally active dUTPase was found to be associated with the virion of both the attenuated ORFV strain D1701 and the virulent ORFV field isolate BO15 (Table 1) . Viruses were propagated and purified as described previously (Cottone et al., 1998 ; Joklik, 1962) and the purity of the virion preparations verified by electron microscopy. Different amounts were incubated with dUTP (100 pmol) under standard assay conditions, with the dUTPase fusion protein included as a control. Comparable amounts of dUTP hydrolysis (69-79 %) were found with 40 ng Trx-dUTPase and 1n7 µg purified BO15, which could be completely inhibited by the addition of 100 mM EDTA. D1701 virions displayed considerably lower turnover rates of dUTP (Table 1) . The presence of dUTPase in the virions may be not surprising in view of the fact that poxviruses include various metabolic enzymes in this compartment. Moreover, it has been shown that the dUTPase of the alphaherpesvirus pseudorabies virus represents an integral part of the outer virus membrane and is considered to play a role in infection or during assembly of progeny virions (Jo$ ns et al., 1996) . The possibly higher dUTPase activity found in virions of the virulent ORFV strain BO15 as compared to the attenuated strain D1701 might be caused by different relative quantities of the enzyme present in the two ORFV strains. Differences in expression of the gene could be one possibility. As reported previously, the original transcription stop motif is absent in ORFV strain D1701, leading to a relatively long noncoding 3h end of the mRNA (Cottone et al., 1998) . Analyses of enzymatic activity of infected and non-infected cells were performed ; however, the results were not unequivocal due to intrinsic cellular dUTPase activity (50-60 % activity). Therefore, different efficiency of incorporation of the enzyme into virus particles cannot be excluded. This study represents the first functional characterization of the dUTPase encoded by a PPV. Whether this early gene of ORFV might be involved in virus pathogenesis remains to be determined. Several dUTPases encoded by herpesviruses and lentiviruses are thought to determine virulence and cell tropism and represent a potential target for antiviral drug therapy (McIntosh & Haynes, 1997 ; Kremmer et al., 1999) . Naturally occurring ORFV infection is restricted to terminally differentiated, non-dividing keratinocytes of the epidermis with low intracellular dUTPase activity (Mahagaokar et al., 1980 ; Pardo & Gutierrez, 1990) . To prevent incorporation of uracil ribonucleoside into the viral genome, it may be favourable for ORFV to express its own dUTPase. High dUTPase activity was demonstrated in actively dividing, cultured cells (Duker & Grant, 1980) , which might favour the selection of ORFV variants during cell culture adaptation. Those ORFV with lower dUTPase activity or deleted dUTPase genes could be less virulent in vivo due to a possible deficiency in replication. The generation of a dUTPase knockout mutant of, for example, the virulent ORFV strain BO15 will finally help to elucidate the role and importance of this enzyme for the attenuation of ORFV. The possibility of substituting the non-essential dUTPase gene as a potential virulence factor is also of considerable interest for the use of PPV as recombinant vectors.
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